and ABIOMED, Inc., Danvers, Massachusetts u," The 1.9-u wavelength component of a 1.9/1.06-u two-wavelength laser with near-continuous wave properties was tested for its potential use in neurosurgery. The 1.9-u wavelength has tissue-ablative capabilities, while the 1.06-u wavelength (Nd:YAG) is suitable for achieving hemostasis. The advantages of the 1.9-u wavelength over the CO2 laser include its ability to transmit through silica fiberoptic delivery systems and its deeper penetration in water (approximately 100 u, a depth 10 times greater than for the CO2 laser), which is compatible with irrigation during ablation.
S
INCE their first application in neurosurgery 20 years ago, lasers have been used for many complicated procedures. 4"6'8 The CO2 laser produces 10.6-~ light and its precise noncontact cutting capability has led to widespread use.l~ Highly vascularized tumors can be removed with the assistance of the Nd'YAG (neodymium:yttrium-aluminum-garnet) laser, producing 1.06-u light, which has an excellent hemostatic effect. The Nd:YAG laser's ability to coagulate may also make it useful in selected cases for neurovascular lesions; however, tissue changes deep to the operative site may limit its usefulness for safe resection. 2 Recently, lasers with wavelengths near 1.9 u have been developed for medical use. 7 '9 These lasers can produce a surgical effect similar to that of the CO2 laser, but have the advantage of delivery through conventional fiberoptic cables. The development of a laser with the capability of fiberoptic delivery that can vaporize tissue in a manner similar to a CO2 laser would provide neurosurgeons with a powerful new tool.
We described a new laser system with outputs at 1.9 and at 1.06 ~ (Nd:YAG). 9 Either or both wavelengths can be selected for use. Because the 1.06-# wavelength has been evaluated previously by other investigators, tt we have focused our evaluation on the 1.9-# wavelength component. The surgical effect of the new 1.9-# laser was compared to the results with a CO2 laser in an in vivo rat model. The degree of thermal injury, charring, associated hemorrhage, and histological characteristics of these lesions were assessed.
Materials and Methods

Surgical Procedures
After induction of anesthesia, CD Fischer rats were immobilized in a small-animal stereotactic frame.* Bicoronal craniotomies were performed and the dura was incised under an operating microscope exposing the cortical surface.
For acute studies, animals were sacrificed by lethal injection within 30 minutes. For the 48-hour and 14-day studies, the cortical surface was covered with a piece of Gelfilm and the skin was closed with staples. At the indicated times, the animals were sacrificed and the brains fixed in 10% formalin solution prior to paraffin-embedding, sectioning, and staining with hematoxylin and eosin (H & E).
Laser System Parameters
Lesions were generated with a prototype 1.9-# Raman-shifted Nd:YAG laser 9 and a commercially available CO2 laser.t The average laser power was 1 W; exposure times were varied between 5 and 40 seconds. The 1.9-# power was delivered via 400-# silica fiberoptics. The fiber tip was positioned 1 m m from the exposed tissue using the micromanipulator on the stereotactic frame, and lesions were made over a range of fluences (1.25 to 10 kJ/sq cm). Tissue ablation with the 1.9-# laser could be accomplished in the air or with a saline flush between the fiber tip and the tissue. The CO2 laser was focused to a spot with the same diameter as the 1.9-# beam. This was done by using the conventional reflective optics and by measuring the CO2 spot size at the tissue level. Since the CO2 laser is more strongly absorbed by water than the 1.9-# laser, a saline flush was not possible in the CO2 laser experiments.
* CD Fischer rats supplied by Charles River Laboratories, Inc., Wilmington, Massachusetts; stereotactic frame manufactured by David Kopf Instruments, Tujunga, California. A 1.9-u wavelength laser for neurosurgery FIG. 2. Graph showing a thermal injury versus fluence curve using the mean extent of thermal injury in acute specimens, measured at the apex of the lesion, extending from the concave base of the crater to the deep border of the vacuolated third zone. Error bars represent standard error of the mean. The 1.9-u laser lesions were made in the presence of saline irrigation. No irrigation was used when the CO2 laser lesions were generated.
Results
Pathological Examination
Both laser systems tested resulted in uniform lesion formation. Lesions made with the CO2 laser were consistently characterized by minimal associated hemorrhage but with significant char formation. The 1.9-u wavelength system resulted in essentially no gross hemorrhage and complete absence of charting when used in conjunction with a thin stream of irrigation.
Microscopically, the lesions induced by both the 1.9-and CO2 lasers were similar and were characterized by multiple concave zones of tissue damage. In the acute lesions (Fig. 1A to C) , a concave superficial crater immediately beneath the area of laser contact (Zone 1) was partially filled with eosinophilic irregular debris. In most of the CO2 laser-induced lesions, a thin broken layer of black debris capped the eosinophilic fragments. This was noted in only one 1.9-tz laser-induced lesion, at a fiuence of 10 kJ/sq cm. Deep to the crater was a second concave lamina (Zone 2) in which the neuropil was densely eosinophilic and in which the neurons had ill-defined reddish cytoplasm and clumping of nuclear chromatin. The third zone was characterized by dark, angular, ischemic-type neurons in a pale vacuolated neuropil. This abnormal vacuolated neuropil was most prominent at the deep surface of Zone 3, and extended laterally in some areas, especially into the more superficial cortex. Zone 4 was a horizontally oriented layer of dark angular neurons lying below the pale zone, extending laterally beyond the lesion into unremarkable-appearing cortical neuropil.
In the 48-hour specimens, well-demarcated layers of tissue damage were evident. Tissue loss in the superficial Zone 1 was accompanied by moderate amounts of amorphous basophilic debris and occasional polymorphonuclear leukocytes (PMN's) . At the margins of the lesion, PMN's and small collections of fresh extravasated red blood cells were identified. Other zones appeared similar to those found on the acute lesion.
At 14 days (Fig. 1D) , tissue loss was complete in the superficial first zone. In the eosinophilic second zone the neuropil was homogeneously red, with numerous neuronal cell ghosts and scattered pyknotic neurons. In some of the 1.9-u laser-induced lesions, mineralized small vessels were focally prominent in Zone 2. The third zone had become more porous and friable, with tissue breakdown and infux of PMN's and macrophages. Neurons were uniformly dark and angular. Deep to the third zone, rare reactive astrocytes and scattered pyknotic neurons were present. Except for tissue loss in Zone 1, the spatial extent of Zones 2 and 3 after 14 days was similar to that of the acute specimens.
Region of Injury and Lesion Size
Measurements of the extent of thermal injury in the acute specimens were taken at the apex of the lesions extending from the concave base of the crater to the deep border of the vacuolated third zone. Three to six samples were studied at each fluence for both the 1.9-u and the CO2 lasers. The extent of thermal injury for the 1.9-u laser was similar to that generated by the CO2 laser, extending approximately 500 tz from the apex of the lesion (Fig. 2) . Crater depths generated by both lasers were similar (250 to 750 u) in the range of fluences investigated. Although the 1.9-~ laser demonstrated a slightly smaller region of injury (Fig. 2) , unpaired ttests comparing injuries induced by the 1.9-~ and CO2 lasers at each fluence indicated that differences were significant only at 10 kJ/sq cm (p < 0.05). Furthermore, it should be noted that irrigation was used in conjunction with the 1.9-u laser but not with the CO2 laser; thus, the data may not be directly comparable.
Discussion
The 1.9/1.06-# two-wavelength laser system combines ablative and hemostatic properties and is of potential use to the neurosurgeon. Its tissue ablative capabilities are comparable to those of a conventional CO2 laser over the range of fluences tested, while the 1.06-~ wavelength (Nd:YAG) has an established role in achieving hemostasis. 2 The advantages of the 1.9-# wavelength are that it can be passed through silica fiberoptic delivery systems, it has a wavelength that penetrates water to a depth approximately 10 times that of the CO2 wavelength (thereby allowing for irrigation during application), and it is shown here to create uniform lesions with the absence of charring when used in conjunction with irrigation. The absence of char formation combined with the absence of gross hemorrhage should provide an enhanced view of the surgical field, resulting in improved ability to delineate anatomical structures and margins.
Laminar zones of tissue injury measuring approximately 500 u in maximum depth are characteristic of CO2 laser-generated lesions. ~ Histological features are similar to those previously described in laser injury.l'a'5 These features were qualitatively and quantitatively similar in the lesions induced by the CO2 and 1.9-u lasers. Tissue loss and coagulation necrosis affected superficial cortical zones. The deeper zones showed acute neuronal changes and edema characteristic of acute tissue injury and represent presumed "delayed" necrosis? The black carbonized debris seen microscopically almost exclusively on the CO2 laser-induced lesions most likely corresponds to the increased charring seen grossly when using the CO2 laser. The mineralized blood vessels in some of the 1.9-u laser-induced lesions are nonspecific.
Regions of thermal injury associated with laser ablation for the 1.9-~ and COz wavelengths were statistically comparable at fluences of 1.25, 2.5, and 5 kJ/sq cm and were similar to values previously reported for the CO2 laser. 6 However, at the highest fluence tested (10 kJ/sq cm), the region of injury for the 1.9-/s laser was smaller (p < 0.05). Perhaps the addition of saline irrigation provides a protective effect at higher energies and this results in less thermal injury. However, we did not rigorously test the 1.9-~ laser in the absence of irrigation to answer this question. This is the first report of the biological effects of the 1.9-~ wavelength laser. This laser has several potential advantages over currently available systems, including: 1) less thermal damage at high energy levels when used with irrigation; 2) penetration of water or cerebrospinal fluid; 3) compatibility with standard fiberoptic delivery systems; and 4) the ability to switch from a cutting to a coagulating mode or to use both wavelengths in combination. A higher-powered 1.9-u laser system is now being constructed to allow for further testing of these and other parameters in the clinical setting.
